The pattern dependency of pure-boron (PureB) layer chemical-vapor Deposition (CVD) is studied with respect to the correlation between the deposition rate and features like loading effects, deposition parameters and deposition window sizes. It is shown experimentally that the oxide coverage ratio and the size of windows to the Si on patterned wafers are the main parameters affecting the deposition rate. This is correlated to the gas depletion of the reactant species in the stationary/low-velocity boundary layer over the wafer. An estimation of the radius of gas depletion for Si openings and/or diffusion length of diborane in this study yield lengths in the order of centimeters, which is related to the boundary layer thickness. The deposition parameters; pressure and flow rates are optimized to minimize the pattern dependency of the PureB deposition rates. A very low standard deviation, less than 0.02, is achieved while at the same time making it independent of oxide coverage ratios and window sizes.
The chemical-vapor deposition of pure boron has in the last years been very successfully applied for fabricating extremely shallow, less than 10-nm deep, silicon p + n junction diodes for a number of leadingedge device applications. In this so-called PureB technology, a nm-thin amorphous boron layer is deposited on silicon at 700
• C, which creates an effective p + -doping of the surface. 1 Photodiodes made in this way have been demonstrated in detectors with impressive performance for low penetration-depth beams for which 2-nm-thick PureB-layers are reliably implemented as the front-entrance window. [2] [3] [4] [5] Ideal lowleakage diode characteristics are achieved for deposition temperatures from 400
• C-700
• C, which together with the fact that the deposition is conformal and highly selective to Si, could also make PureB technology an attractive candidate for creating junctions on silicon nanowires and advanced CMOS transistors including source/drain in p-type FinFETs. 6, 7 In the latter applications, sub-3-nm thick layers are required to avoid excess series resistance through the high-resistivity boron layer. Therefore, a very good control of the layer thickness is crucial, in which respect the uniformity over the wafer and the pattern dependence are the important factors.
In this paper the pattern dependency of the PureB deposition is studied for different sizes and distributions of deposition windows etched in oxide to the Si. Loading effects are observed that in some ways similar to those found for selective epitaxial growth (SEG) of Si and SiGe layers. Differences in the deposition rate of the deposited layers are correlated to the Si/SiO 2 ratio over the wafer as a global effect and the size of the windows in relationship to the pattern of the surrounding oxide areas as a local effect. This pattern dependency must be taken into account when applying the PureB deposition to devices where the boron-layer thickness is critical as, for example, in photodiodes for detecting electrons with energies below about 1 keV. 2 Significant non-uniformities can be found when window sizes are in the range of millimeters or centimeters.
It is shown here that the loading effects have mainly two origins: thermal and chemical. The thermal effect depends essentially on the emissivity of the substrate while the chemical effects are generated by the differences in the gaseous diffusion length of the diborane (B 2 H 6 ) species as well as surface reaction mechanisms. In this paper we focus on determining the global effects that can be determined on large area windows by using measurement techniques such as SIMS or ellipsometry. While several methods have been proposed to decrease the pattern dependency and/or loading effect for SEG of the Si and SiGe, [8] [9] [10] [11] this is the first report on the reproducibility and the pattern dependency including loading effects of the PureB Deposition. An optimization of the deposition parameters is performed for 700
• C Deposition, at either atmospheric (ATM) pressure or 60 torr, with z E-mail: v.mohammadi@tudelft.nl respect to uniformity over the wafer with and without a patterned oxide coverage. As a result deposition procedures are proposed for achieving a well-control deposition rate with very low pattern dependency.
Experimental
The experiments are performed on 100 mm 2-5 cm n-type Si (100) substrates. A 220 nm-thick thermal oxide is grown on some wafers and patterned by wet etching in BHF. The PureB deposition is performed by an atmospheric/low pressure-chemical vapor deposition (AP/RP-CVD) at 700
• C in an ASM Epsilon 2000 CVD reactor. Diborane is used as a gas source and hydrogen as both carrier gas and dilutant. 7 Both bare and patterned wafers were ex-situ standard cleaned (HNO 3 100% and HNO 3 70% at 110
• C and HF dip with Marangoni drying) and then immediately loaded to the N 2 purged load locks of the reactor. In-situ cleaning was performed for bare and patterned wafers by baking in H 2 prior to the deposition process at 1100
• C and 800
• C for 2 and 4 min, respectively. Eight samples in four groups with different pattern sizes and different oxide coverage ratio (OCR) were used in this study to investigate pattern dependency, as presented in Table 1 . An oxide coverage ratio can be defined here as the ratio of the oxide masked area to the entire surface area of the wafer:
Ellipsometry measurements were used in order to measure the thickness of the PureB-layer at the middle of millimeter to centimeter large windows to the Si. For wafers without any oxide coverage the measurement is performed in the middle of the wafer.
Results and Discussion
The influence of the deposition parameters (e.g., pressure, temperature and gas flow) and structural parameters (e.g., aperture size, oxide coverage ratio) on the pattern dependency and/or loading effects of the PureB-layers is a complicated issue since the parameters can be interdependent. Ideally, a deposition should be totally independent of the size/geometry of the openings. However, in reality, many effects play a role due to the non-uniform gas consumption over different window sizes and different lateral gas diffusion because of global/local loading effects. The exact origin of the pattern dependency is a complex combination of chemical, kinetical, and thermal factors, which are evaluated here in a systematic experimental study.
Reproducibility of the PureB layer-thickness.-In Fig. 1 , past ellipsometry measurements of PureB-layer thicknesses are plotted and used to determine the PureB deposition rate. The deposition rate is At the same time it has the advantage of being a quick, nondestructive, in-line measurement. In Fig. 2 an overview is also given of the statistical results of the PureB-layer thickness with 6 min boron Deposition for six different runs during the last two years. Dispersion values are calculated as the ratio of the standard deviation on the thickness mean value. These low dispersion values highlight the good reproducibility of the PureB deposition process over time.
Effect of oxide coverage and window size.-In order to investigate the effect of Si opening size and oxide coverage on the wafer defined here as an OCR, the deposition rate is compared for samples SW-58, SW-71 and 6LW-80. In Fig. 3 the dependency is plotted as a function of OCR for wafers with different patterns. As the oxide coverage ratio goes from 0 to 80%, the deposition rate increases to about 85%. Also plotted in Fig. 3 is the deposition rate as a function of the window area for the same OCR. All the measurements are performed on wafer 6LW-80, which means that there is no influence from global effects. Due to a loading effect the deposition rate is increased as the feature size of the Si windows decreases. These results demonstrate the general trend that the deposition rate will increase as the area covered by oxide increases either globally and in the direct vicinity of an opening to Si. These trends are related to the selective nature of the deposition and have also been reported in the past from selective silicon epitaxy. 12 However, for this process it has also been shown that some control of loading effects and pattern dependency can be achieved by adjusting the partial pressure of HCl. 13, 14 A CVD deposition on blanket wafers may be described using the classical boundary layer theory. 15 In this theory, a laminar gas stream is flowing over the wafer. Due to the frictional force between the gas stream and the stationary susceptor/substrate, a stagnant/low-velocity boundarylayer arises. Therefore the main gas transport mechanism through this boundary layer is diffusion. With the reaction of the reactant species with the surface atoms and subsequent deposition, the boundary layer will become depleted if the net deposition reaction is faster than the diffusion. Over this boundary layer, the gas is assumed to be well mixed and moving at a constant speed U. To determine the thickness of this boundary layer, the balance of the frictional and accelerating forces on a gas element yields a boundary layer thickness δ as a function of the position over the susceptor/substrate, x, to be δ(x) = A(μx/U ) 1/2 , where μ is the gas kinematical viscosity and A is a constant. However, the thickness of this boundary layer is not easy to calculate exactly. Several unknown parameters are involved, for example, kinematical viscosity and gas velocity are highly dependent on the actual gas temperature which can be significantly different from the susceptor temperature. This is typical for lamp-heated coldwall reactors, where the temperature is controlled by thermocouples located in the susceptor. A rough approximation of the magnitude of this boundary layer yields values in the centimeter range. This means that the reactant species have to diffuse vertically in the range of centimeters. However, diffusion will also occur laterally if there are any concentration gradients over the wafer (which is the case for selective deposition on substrates with varying window sizes). This implies that the gas phase depletion gradient may be significant in the centimeter range both vertically and laterally.
In the case of PureB Deposition, it has been found that no boron is deposited on the flat or beveled SiO 2 surfaces such as confirmed by the TEM image in Fig. 4 . Therefore, the boron atoms on the oxide are floating and move around on the surface thus creating higher concentration boron atoms that will give a higher lateral diffusion on a patterned wafer surface than on a bare-Si wafer. Consequently there is an increase of the probability of the boron atoms sticking to the Si surface of the open windows. In this way an increase of the amount of oxide area around the window will result in an increase in the PureB-layer thickness.
Impact of deposition parameters on pattern dependency.-A series of reports on SEG of Si and SiGe, have shown that the pattern dependency can be reduced by tuning the growth parameters. [8] [9] [10] [11] Here the PureB-layer was deposited at both atmospheric (ATM) and 60 torr on several patterned wafers with ∼80% OCR and opening areas of 100 mm 2 , 200 mm 2 , 300 mm 2 and 400 mm 2 at atmospheric (ATM) and 60 torr. Deposition was performed with different diborane partial pressures and carrier gas flows which P 1 (F 1 ) is the maximum diborane partial pressure (main flow) and P 2 (F 2 ) and P 3 (F 3 ) are 75% and 50% of the maximum values. The maximum diborane partial pressure and the carrier flow in this experiment are 3.39 mtorr and 20 slm, respectively. The PureB deposition rate is shown in Fig. 5 as a function of these parameters. In each figure the corresponding deposition rate for bare wafers is also shown. The results show a reduction of the pattern dependency with decreasing diborane partial pressure as well as carrier gas flow ( Fig. 5a and 5b) . Moreover, no significant improvement in the pattern dependency was observed when decreasing the total pressure from ATM to 60 torr, see Fig. 5c .
In order to verify the effect of the deposition parameters and surrounded oxide areas on the pattern dependency and/or deposition rate of the PureB, the pattern which is shown in Fig. 6 (samples 14LW-80 ) was designed. The PureB was deposited over this design where 14 oxide windows to the silicon, each 1×1 cm 2 in size, are positioned so that the surrounding oxide area is different in each case. This gives different loading effects and therefore different PureB deposition rates. In Fig. 7 the results are shown for different diborane partial pressure and carrier gas flow combinations. As can be seen in this figure, e.g., dies no. 3 and 5 have a higher deposition rate due to the largest amount of adjacent oxide areas and die no. 11 has a lower value because it is located near two other dies and close to the edge of the wafer with less surrounded oxide areas. The large variations become very small when the diborane partial pressure and carrier gas flow are low. However, as seen in Fig. 7b , the deposition rate variations are not significantly changed by reducing the total pressure from ATM to 60 torr. The statistical results of this experiment are also listed in Table 2 . These results show that for atmospheric pressure, the deposition rate for maximum diborane partial pressure and maximum carrier flow (P 1 F 1 ) varies the most due to a high pattern dependency and/or loading effect from the surrounding oxide areas. However with decreasing diborane partial pressure or carrier flow (e.g. P 1 F 2 , P 1 F 3 , P 2 F 1 , and P 3 F 1 ) this effect becomes much lower and all dies with any adjacent oxide areas and also with different width (e.g. dies no. 6, 7, 8 and 9 together) have the same deposition rate. At the same time total deposition rate Si opening is decreased as would be expected. This experiment shows that it is possible to adjust the deposition parameters so that the loading effect of the oxide areas can be regulated to give a uniform and equally thick PureB-layer in all the dies of a patterned wafer. Moreover, the decrease of local loading effects with lower diborane partial pressure and carrier flow definitely indicates that the limiting factor is the reactant gas transport to the surface and also lateral reactant gas diffusion on the oxide surfaces, since these are increased at lower total pressures (e.g. at 60 torr). Another deposition parameter is the carrier gas velocity controlled by the H 2 main flow. There are two mechanisms influencing the behavior of the reactant species during the deposition. The one is that with higher gas velocity the boundary layer thickness over the wafer is decreased and this leads to a faster diffusion of the diborane species to the surface and consequently higher deposition rate. 15 The second is described in Ref. 16 , with higher gas velocity, the formed gas boundary moves closer to the substrate, the depletion volume becomes smaller, and the number of diffusing molecules is decreased and this leads to a lower deposition rate. However, our experimental results (Figs. 5 and 7) show that the first mechanism is dominating.
Verification of the gas depletion in the boundary layer.-As discussed previously, Si windows in the oxide consume the diborane 3.39mtorr)F 3 (10slm) 0.467 0.037 species and cause gas depletion inside the boundary layer over the windows. Therefore the diborane species have to diffuse through the stationary boundary layer width from the carrier gas stream to reach the surface of the wafer which is schematically illustrated in Fig. 8 . Again, the diborane atoms cannot stick onto the oxide areas and boron concentration is increased over these areas. Therefore, also the lateral gas diffusion is increased, which creates a local-chemical-boundary layer over each opening as is shown by the yellow arrows in the Fig. 8 . Generally, many different windows with different distances from each other are found on each die or wafer, and the deposition rate will also be influenced by the proximity of neighboring windows. This can be put in relationship to the width of the opening windows, d Si , and width of the oxide, d ox , separating the windows. This situation is shown schematically in Fig. 9 .
To verify the boundary layer thickness and range of gas depletion in the boundary layer, PureB was deposited on wafers patterned as shown in Fig. 10 . Three wafers were processed with the area designated as the "reference" area filled in different ways:
1. LW-SiOpen: one big window to the Si, 2. LW-Oxide: covered by oxide, 3. LW-SiDies: three 10×10 mm 2 dies are opened as separated windows to the Si.
If the dominant transport mechanism is diffusion and the boundary layer thickness is in the order of centimeters, then the extent of gas depletion from a big opening should also be in the order of centimeters. Fig. 11 shows the deposition rate of the PureB in the 10×10 mm 2 Si openings at different distances from the "reference" area for the three samples. For comparison, the PureB deposition rate in the "reference" area for sample LW-SiOpen is included. The curve for design LWSiOpen reveals two distinct regions. Close to the reference area, the smaller openings have a low deposition rate, lower than that of the dies that are further away and not impacted by the depletion volume of the large reference opening as schematically indicated in Fig. 9 . In this volume, a significant part of the gas molecules is consumed by this large opening and the diborane available for the surrounding dies is reduced. As the distance is increased, the deposition rate is also increased until saturation is reached at a distance of around 1-1.5 cm. The curve for design LW-Oxide has also two distinct regions. In this design the "reference" is covered by oxide. The loading effect of this oxide area increases the deposition rate of the closest open dies. It can be also deduced that the diffusion length of diborane on the oxide area should be around 1-1.5 cm. From Fig. 11 , it can be deduced that when the "reference" area is patterned with separated open dies of the same area as the five dies forming the monitoring row then the dies do not have a distinguishable impact on each other. All in all, it can be concluded that considering the fact that the smaller openings display the same deposition behavior as the nearby larger opening means that any micro-loading effects are minimal, i.e., there is no dependence on the opening size but the local Si coverage is very important. It should be noted that the uniformity of the deposition over a blanket wafer under these deposition conditions was checked and the nonuniformity was less than 2%. Therefore the distribution of PureB-layer thickness over these test wafers supports the picture of the deposition and associated of pattern dependency of PureB CVD as illustrated by Fig. 9 .
Conclusions
It has been demonstrated that the deposition rate of PureB can vary over the wafer depending on the Si opening size and OCR of the mask design. The higher the OCR the higher the deposition rate and it also increases as the sizes of the windows to the Si decrease. This has been explained here in terms of the gas depletion of the diborane species in the stationary and/or local-chemical-boundary layer. The results show a reduction of the pattern dependency with decreasing diborane partial pressure as well as carrier gas flow. Moreover, no
Under influence of big opening reference Isolated from big opening reference Figure 11 . The deposition rate of the PureB in a row of five 1×1 cm 2 test dies adjacent to a 3×1 cm 2 die placed as the "reference" area shown in Fig. 10 for three different fillings of this area as defined for the sample LW-SiOpen, LW-Oxide and LW-SiDies. The deposition rate in the "Si reference" area for sample LW-SiOpen is included for comparison. significant improvement in the pattern dependency was observed when decreasing the total pressure from ATM to 60 torr. Thus conditions were found that make it possible to control pattern dependency and loading effects to such a degree that the 2-nm-thick PureB-layers used in the present day applications can be deposited uniformly with only a few angstrom variation in thickness. The diffusion lengths of the boron on the oxide and Si surfaces is found to be in the order of centimeters, which means that the loading effect in micron sized windows will not lead to thicker layers than seen in the larger windows.
